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ABSTRACT 



In this paper we summarize the results of the theory working group dedicated 
to the analysis of B c production at hadron colliders. 



1 Introduction 



Bound states of a b and c quark pair (the B c mesons) have never been observed. They 
represent interesting objects for QCD because their properties are expected to be calcula- 
ble much in the same way as properties of cc and bb states have been studied theoretically 
in the last two decades by making use, e.g., of potential models or QCD sum rules. 

A first reason of interest in the study of B c physics arises from the possibility to 
test quark potential models for systems made up by quarks of different flavours as well 
as to compare these predictions with other theoretical approaches. A second reason of 
interest arises from B c decays. These decays are described at the quark level by three 
classes of diagrams: annihilation diagrams, c quark spectator diagrams (e.g. B c — > ipfiv or 
B c — > ipir) and b quark spectator diagram (e.g. B c — > B S X). The first class of diagrams 
would allow, in principle, to measure the leptonic decay constant /g c . Note that this 
measurement would be enhanced at least by the factor \V c b/V u b\ 2 ~ 10 2 as compared to 
the analogous measurement of fs d - Furthermore, the existence of two kinds of spectator 
diagrams is a novel feature as compared to other heavy meson decays. 

For all these reasons, as well as to test QCD-like predictions for B c production, among 
the future high energy high luminosity hadron colliders a well defined place should be 
reserved to the study of B c properties, also because the production of such mesons at 
these future machines is expected to be rather abundant. 

2 The properties of B c mesons 

A possible approach to the study of be meson properties: masses and leptonic decay 
constants, is provided by the the quark potential models [2|, [| f|, |5| ; another approach 
is represented by QCD sum rules ||. In this Section we review the predictions of both 
these methods. 

An extensive calculation of be meson properties has been performed in || by using the 
Martin's potential J7| : 

V(r) = -8.064 + 6.869r ai , m c = 1.8GeV, m b = 5.174 GeV, (2.1) 

where the parameters of the potential are in GeV. 

By solving the Schroedinger equation with the potential ( |2.1| ) one can obtain the B c 
mass spectrum and the value of wave function of B c at the origin. This method also 
predicts masses for radial and orbital excitations; they are reported in Table 1 together 
with the predictions of |], |2| that are based on flavour dependent potentials. The values of 
Table 1 for the mass of the pseudoscalar low lying state (the 0~ B c meson) also agree with 
the result of a relativistic potential model || and with a QCD sum rules calculation ||, 
within theoretical uncertainties. We take as an indicative range of values for the B c (0~) 
mass: 

m Bc = 6250 ± 100 MeV. (2.2) 

As for the mass difference between the 1~ and 0~ states, potential models give tub* — 
rriB c — 80MeV, which could be an overestimate since mg. — mg ~ 50MeV. Indeed we 
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should remember that non relativistic potential models have been tested only for the equal 
mass case and therefore, in the extrapolation to cb mesons, sizeable corrections could be 
introduced. 

Note, that making use of \l/i s (0) = 0.369 GeV 3 / 2 (see fU), one can calculate the 
constant f Bc of weak decay of £> c (0~) meson : f Bc = yJ-^\^/(0)\ 2 ~ 570MeV where f Bc is 
defined by: 

< 0\c^ 5 b\B c (p) > = if BcPlx . (2.3) 

On the other hand QCD sum rules give: f Bc = 360 ± 60Me\^. We cannot solve this 
discrepancy at the moment and we limit ourselves to quote a rather broad range of values 
for f Bc : 

f Bc = (300 -T- 600) MeV . (2.4) 



3 Hadronic production of B c 

At the present there are some estimates of the cross section for B c production based on 
the parton picture and perturbative QCD. As a lower bound of the cross section one 
should consider the B c meson pair production ||. 

R Bc = ^ (2 -r 3) • 10- 4 (y/i=10QGeV). (3.1) 

a (bo) 

The uncertainty in the prediction is mainly related to the value of f Bc (= 570 MeV in 
this calculation), present in each vertex connecting be with B c . 

For inclusive B c production (i.e. for B c bc final state) the above value of the cross 
section may be increased by about an order of magnitude. Let us call f^ Bc )the fraction 
of b antiquarks that will evolve into a B c meson. No complete calculation of this parameter 
is available yet, but partial estimates have been carried out || ||. Reasonable estimates 
of this fundamental parameter are in the range: 

/ (6 _ Bc) = 1 - 5 x lO" 3 , (3.2) 

combining both perturbative and non-perturbative contributions. Other estimates based 
on the Monte Carlo codes (HERWIG, version 5.0) are given in [[|. 

For the UNK energy range: y/s ~ 2 TeV and with a luminosity: C ~ 10 32 cm -2 s _1 
the expected annual yield of I?-mesons is ~ 10 10 , which, according to our estimates, 
corresponds to ~ 10 7 -B C produced per year. 



4 B c decays 

From the study of inclusive decays of B c in the framework of quark potential models 



10] , |TT|1 one gets that the contribution to the total rate from different decay mechanisms is 
37% from c-spectator decays, 45% from 6-spectator decays and 18% from foe-annihilation. 
From QCD sum rules || the corresponding values are 48%, 39% and 13% respectively. The 
B c lifetime computed by potential models is r Bc ~ 5 • 10~ 13 s, i.e. T tat (B c ) ~ 1.3 • 10~ 3 eV. 
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The corresponding values from QCD sum rules are tb c —9-10 13 s, i.e. T tot (B c ) ~ 
7.4 • 10" 4 eV. 

Let us now consider specific decay channels. A very clear signature for B c production 
could be given by the decay B c — > — ► J/ipfi^u^ (three leptons coming from the same 
secondary vertex). The estimated branching ratio for this channel is |TU], |TT|, |T^, 0]: 

BR(B C -> Jl^iTVy) ~ (1 -T- 4) • 1(T 2 . (4.1) 

where the lower value corresponds to QCD sum rules prediction and the upper one to 
potential models. 

We can also consider hadronic decays, whose estimates follow assuming the vacuum 
insertion approximation in effective nonleptonic Hamiltonian. Predictions for these decays 
from different quark models are summarized in Tables 2 and 3. 

As a general characteristic, in B c decays the presence of J/if> in final states is rather 
frequent. The inclusive B c — > J ftp + X rate can be evaluated approximately in the large 
N c limit, where the resulting branching ratio for B c — > J/if> + (light quarks or leptons) is 



19%< Br(B c -> J /if) + X) <24% [|E 

In conclusion present theoretical investigations have not reached the accuracy required 
to get very accurate predictions for the B c decays. Table 4 summarizes predictions for 
the decay channels that are more interesting from the experimental point of view. 



5 Prospects for B c Discovery at CDF 

From the point of view of the detection, the two most important parameters are the 
production rate and the branching ratios (BR) into accessible decay modes. For the 
production rate we shall use the estimate for /( fe _ >Bc )reported in Section 3. For the BR's 
we shall take the ranges of values reported in Table 4. Notice that also the lifetime, as we 
have seen, has a rather large range of values. This is a critical parameter in view of the 
possibility to reduce the background to the decay modes via the presence of a secondary 
vertex. 

In order to get a crude estimate of the possible signal at CDF, we will normalize 
to the number of observed exclusive B decays. The best decay channel that allows full 
reconstruction is B c — > ipn. We will compare this channel with the observed B u — > 
ipK + , assuming equal acceptance and reconstruction efficiency Notice however that the 
efficiency for the B c decay is expected to be higher; in fact, the larger mass of the B c 
w.r.t the B + and the smaller mass of the pion w.r.t. the kaon will give a larger impact 
parameter and a higher transverse momentum to the decay pion. 

Under the assumption of equal efficiency, we can write the following equation for the 
number of expected reconstructed decays (the subsequent if) — > fi + fi~ decay is under- 
stood): 

(Be - f^B c ) v BR(B C -> ^) 

(B+ - ^iP) " f {b ^ Bu) BR(B + =; ^ ~ /(b ~^' 

where we used the value of the BR given in Table 4 and /(^b u )=35%. Using the number 
of currently reconstructed B — > if)K ± (72 events in 9pb~l), we obtain N(B C — > ipn^) w 
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430/(5^ b c )- This corresponds to 0.5-2 events, using the range of estimates for /(&_*b c ). 
Considering the levels of the combinatorial background, this signal could be detected 
with a larger integrated luminosity only in the upper range of f{b-*B c )i unless the detection 
efficiency is significantly higher for this mode than for B — > ipK. 

One could also hope to establish the presence of a B c signal by looking at the inclusive 
B c — * if)£u decays, observing the presence of the third lepton coming from the same 
secondary vertex as the ip. In this case we can write: 

(B - W) ~ 1^ BR(B -+ W) ~ ° f(b - Bcy (5 } 

This indicates that of the order of 2-10 % of the t/>'s from B decays could be accompanied 
by an additional lepton (e or fi). The requirement that this lepton come from the same 
vertex as the ip and with a large p t relative to the direction of the B should reduce 
significantly the possible background, but accurate feasibility studies are still lacking. In 
equation ( |5.2| ) we used the Potential Model (PM) estimate of the inclusive B c — > tv decay. 
The QCD Sum Rules (SR) estimate would give a smaller, and perhaps unobservable, 
signal. 
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Table Captions 



Table 1 Masses of B c mesons (in GeV) calculated using various potential (* are the level 
masses, calculated without relativistic corrections). 

Table 2 Two-body nonleptonic 5-spectator decay rates (in units of 10 -6 eV), calculated 
in potential models: BSW |13j and ISGW flU}] . Values of the parameters are: m Bc = 
6.27, rriB a = 5.39, tub* = 5.45, ,ms = 5.27, mg« = 5.33, = 0.140, m p = 0.77, 
m K = 0.495, m K * = 0.86, f w = 0.133, f p = 0.216, f u = 0.195, f K = 0.162, 
f K * = 0.216 GeV. 

Table 3 Decay rates (in units of 10~ 6 eV) for some two body nonleptonic c-spectator 
decays, calculated with ISGW |L4j] form factors. 

Table 4 Values of some parameters of interest for the decay of the B c . The expectations 



of different models (QCD sum rules (SR) or potential models (PM): BSW fli~3" 



ISGW |T4[]), together with uncertainty estimates, are included whenever available. 
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State 


1 


131 




Statp 


1 


IEI 
itj 


131 


IS* 


6.315 




6.301 




6.243 


6.27 


6.246 


2S * 


7.009 




6.893 


2 1 5n 


6.969 


6.85 


6.863 


35* 






7.237 


1 3 £1 


6.339 


6.34 


6.329 


IP* 


6.735 




6.728 


2 3 5i 


7.022 


6.89 


6.903 


2P* 






7.122 


l^o 


6.697 




6.645 


3P* 






7.395 


l^i 


6.719 




6.682 


IP* 


7.008 




7.145 


1 3 P X 


6.740 




6.741 


2D* 






7.308 


1 3 P 2 


6.750 


6.77 


6.760 



Mode 


BSW 


ISGW 


Mode 


BSW 


ISGW 


B+ -> B s + 7T+ 


47.8 


67.7 




19.2 


31. 


P+ -> P; + 7T+ 


39.4 


53.4 


p+ -> p; + p+ 


177.8 


234. 


P+ -> P+ + K° 


3.1 


6.7 


p+ -> p+ + pp° 


1.1 


2.6 


b+ -> p*+ + p° 


3.4 


3.1 


P+ -> P*+ + P*° 


16. 


18. 


P+ -> P° + 7T+ 


1.49 


2.9 


P+ -> P° + p+ 


1.45 


3.3 


P+ -> P*° + 7T+ 


2.42 


2. 


P+ -> P*° + p+ 


13.6 


12. 


P+ -> P+ + 7T° 


0.05 


0.1 


P+ -> P+ + p° 


0.05 


0.12 


P+ -> P+ + U 


0.04 


0.09 


P+ -> P*+ + 7T° 


0.09 


0.07 


P+ -> P*+ + p° 


0.48 


0.48 


B+ ^ P*+ + u; 


0.39 


0.38 


P+ -> P s + P+ 


3.35 


5. 


P+ -> P* + K+ 


2.6 


3.9 



Table 3 



P+ -> T] c + 7T+ 


2.68 




6.2 


P+ -> J/^ + 7T+ 


2.75 


B+ -> J/^ + p + 


7.8 


P+ -> r? c + K + 


0.195 


P+ -> r/ c + P+* 


0.31 


B+ -> J/^ + K+ 


0.2 


P+ -> J/V> + K* + 


0.4 



Table 4 



Lifetime 


0.5 4- 1.5 x 10- 12 sec (PM) , 0.9 x 10~ 12 sec (SR) 




500 ± 50 MeV (PM) , 360 ± 60 MeV (SR) 


BR(P C -> ^ + X) 


24 ± 10% (PM) 


BR(P C -> 


3 ± 1% (ISGW,BSW) , 0.8% (SR) 


BR(P C -> ^ + X) 


4.7% (ISGW,BSW) 


BR(P C -» ^vr) 


0.2% (ISGW,BSW) 
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